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Abstract- A concept for precise controlling and fine managing a 
fuel composition of molten-salt reactor (MSR) is formulated 
for maintenance of given properties, low corrosion activity and 
extremely selective extraction of metal component from the 
molten salt. A possible application of a potentiometer and a 
method of columbic titration of basic-metal atoms through 
galvanic cell on solid electrolyte with cationic conductivity, for 

example, Na + -p"-Al 2 0 3 is discussed for monitoring and 
varying the RedOx-potential of MSR fuel compositions. 
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I. INTRODUCTION 

Despite of wide experience at using molten salts in 
reactor technologies [1], there is no attention called for 
studying their electronic structure, not to mention the 
influence of non-stoichiometric salts or their reduction- 
oxidation (RedOx) potential on structural, thermodynamic, 
physical and chemical, kinetic and corrosion properties of 
liquid salts. 

As the RedOx-potential, they understand a 
thermodynamic potential, -AG x , of common metalloid, X, 

n 

for all components of molten-salt mixture, XM.xjr 2 - 

i=l 

4], expressed by 

-AG X = -AG 0 [J(M,X t )„ ] + RT\na x . (1) 

/= 1 

Here -A G 0 is the standard potential of molten-salt 
mixture; M X k is the molten-salt component of variable 

1 Kj 

composition: k t = kj° ± Akj where k t ° is the stoichiometry 
coefficient; ax is the thermodynamic activity of common 
metalloid in liquid mixture of salts; R is the gaseous 
constant; T is Kelvin’s temperature. 

The investigation of electronic structure of molten salts 
can be useful for proving choosing their fuel composition in 
molten-salt reactors (MSR), for developing its operation 
technology, fine and controlled separation of fission 
products, the minimal corrosion of structural materials, i.e. 
it will allow to prove designing the fuel compositions and 
reliable operation of molten-salt mixture in non-isothermal 
conditions of MSR [5]. 

In this work, two methods are considered for precise 
(potentiometer) monitoring and fine controlling the RedOx- 


potential by the columbic titration of metal atoms through a 
solid membrane with unipolar conductivity of sodium 
(lithium) cations for the fuel compositions containing alkali 
salts. These methods are metrological determined against to 
up-to-date current-mode monitoring the RedOx-potential of 
molten salts, working as non-equilibrium indicators and 
consequently demanding their permanent calibration. The 
offered methods allow not only to supervise this parameter 
with high accuracy (±5 mV), but also to hold it at the given 
level with the same accuracy by fine and reversible dosing 
the basic metal of molten-salt mix. We will consider in 
details this concept by the example of chlorides in the 
eutectic melt of a LiCl-KCl system 

II. CONCEPT FOR FINE EXTRACTING METALS FROM MOLTEN 

SALTS 

It is possible [6] to measure precisely the reduction 
potentials of actinides and lanthanides in the LiCl-KCl 
eutectics for different electrodes (see Fig. 1) due to well 
measured equilibrium pressure of the gaseous chlorine with 
its chemical activity (their RedOx-potential) in molten 
chlorides. 



Fig. 1 The reduction potentials of actinides An(III)/An(0) and lanthanides 
Ln(M)/Ln(0) in LiCEKCl eutectics for different cathodes from right to left: 
solid and neutral, liquid cadmium and bismuth, and solid aluminum at 723 
K provided by XM(salt) = XM(Cd) = xm(BT) = 0.001 [6] 

It is visible that these potentials depend on the cathode 
type and they are determined for equal portions of added 
atoms in the salt and cathode (special case). It is important 
to note that these potentials differ from each other by 10- 
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100 mV. This gap will be probably enough for extracting 
(deeply and selectively) needed radio nuclides from the 
MSR molten salt in holding an over voltage of the galvanic 
cell at the same level. 

In clarifying the concept for fine extracting the dissolved 
metal impurities from molten-salt compositions, it is 
possible to consider as analogue the LiCl-KCl eutectics in 
contact with liquid bismuth (see Fig. 2). It is visible that 
Fermi’s level, Sp, (RedOx-potential) is necessary to measure 
with accuracy not worse ±5 mV in a range of extraction of 
the shown impurities because the electronic levels of 
impurity components lay densely in a band gap of the 
molten salt. Such the accuracy can be provided only by 
e.mf. method on solid electrolyte of Li + -( 3 "-Al 203 [4]. 



(a) 



(b) 

Fig. 2 The reduction potentials of actinides An(III)/An(0) and lanthanides 
Ln(M)/Ln(0) in LiCl-KCl eutectics for liquid bismuth at 723 Kprovided 

by XM(salt) =XM(Bi) = 0.001; dotted lines designate Fermi's level, £f, 
corresponding to different values of the eutectics RedOx-potential 

It is known [7] that the current polarization of the 
galvanic-cell electrodes can lead to appreciable deformation 


of the allowed states of electrons in the molten-salt band gap 
directly near electrodes so that one of the basic-metal 
components in salt composition (K or Li in this case) can be 
extracted from the molten salt together with impurities. 
Therefore the control of RedOx-potential of salts 
(monitoring and managing the thermodynamic activity of 
lithium or other base metal) should be carried out with the 
help of electrochemical cell on solid electrolyte working at 
the fixed and precisely measured over voltage but not at the 
fixed current mode [4]. 

The Fig. 2a shows the level of molten-salt RedOx- 
potential when the marked impurities cannot be removed 
from the salt solution in general and the Fig. 2b shows the 
one at that level when all the marked metal impurities 
(except uranium) are removed from the salt solution. 

In observed closeness of these levels as allowed energy 
states of electrons, the extraction of corresponding 
impurities can be carried out only at the low over voltage, 
AE <10 mV, of galvanic cell. At the same time, the levels 
of their potentials are to be measured as stated above with 
high accuracy and in a wide range of temperatures. It is 
possible to realize only by e.mf. method with the help of 
potentiometer of basic metal component, for example, 
lithium. 

III. MONITORING THE REDOX-POTENTIAL 

For the precise control of the molten-salt reduction- 
oxidation potential, one should use the electrochemical 
gauge of thermodynamic activity of the basic-metal 
component (for example, Li or Na) work upon base of solid 
electrolyte with unipolar conductivity of its cation. Then, it 
will generate e.m.f. determined by Nemst’s equation [4]. 

E = - (RT/F) \na M , (2) 

where E is the e.mf. of galvanic cell; F is the Faraday’s 
constant; is the thermodynamic activity of basic metal in 
molten salts. 

Such membrane can be made from Na + (Li + )-( 3 "-Al 203 
which provides univocal correspondence of the e.m.f. 
generated in it with the thermodynamic activity of sodium 
(lithium) in the liquid electrode if a reference electrode is 
the pure liquid sodium (lithium) [ 8 ]. 

In order to use the solid membrane of Na + (Li + ) - P"— 
AI 2 O 3 as the sensor of thermodynamic activity of sodium 
(lithium) in liquid salts, it is necessary to exclude a direct 
contact of the solid electrolyte and the molten salt, 
simultaneously providing an effective exchange of the 
sensor and liquid salt by atoms of sodium (lithium). Such 
technical problem is being solved at intercepting the 
material of Na + (Li + )-P"-Al 2 03 and the molten salt by a 
liquid-metal measuring electrode (for example, of lead or 
bismuth) as a layer in a felt of thickness less than 0.1 mm 
[ 8 ]. The schematic diagram of such gauge is shown in Fig. 3. 
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IV. DISCUSSION OF RESULTS 



O 

o 


Fig. 3 The schematic diagram of the gauge of sodium for monitoring the 
RedOx-potential of molten salt including the liquid-metal measuring 
electrode 1, the cylindrical plug of solid electrolyte 2, reference electrode 
of liquid sodium 3, the electro isolating bush 4, the seat 5, the metal 
covering 6, the electro isolating lock 7 the potential leading-out wire 8 


Using the liquid-metal measuring electrode allows to 
create the tool for precise monitoring and effective means 
for varying the RedOx-potential of molten salts in the 
electrochemical cell of the following kind [8] 


Mo Na 


Na + -p”_Al 2 0 3 11 Mo I Pb[Na] I salt [Na], 



when the measuring electrode “Pb[Na]” is organized so that 
the thermodynamic activity of sodium in it coincides with 
its activity in the salt. One can easily provide that if he uses 
a thin layer of liquid lead between the solid electrolyte and 
the salt (for example, in a capillary-porous structure of 
metal or carbon fiber) or in a direct-contact heat and mass 
exchanger "lead/salt". 


The principle of operation of such gauge is based upon 
the e.mf. measurement in the electrochemical cell (3) by 
high-resistance voltmeter. The liquid-metal electrode 1 
(measuring) directly contacts the molten salt and exchanges 
with it by atoms of sodium providing the thermodynamic 
equilibrium and protecting the solid electrolyte 2 from 
liquid-salt corrosion. E (2) of the sodium gauge is 
determined by its thermodynamic activity, a Na , in liquid lead 
and accordingly in the molten salt because they are in 
thermodynamic equilibrium on sodium It is easily achieved 
due to high diffusion mobility of sodium atoms in the 
molten salt and liquid metal. 


The gauge of sodium (lithium) thermodynamic activity 
is possibly used also as the reversible pump of sodium 
(lithium) atoms in the liquid salt. Indeed, a little positive (or 
negative) overvoltage in the cell (3) will lead to the transfer 
of alkali cations from the reference electrode 3 to the 
measuring electrode 1 and forward to the molten salt (and 
vice versa) due to their thermodynamic equilibrium on the 
alkali metal. 

Thus, it is possible to regulate RedOx-potential of 
molten salt and to support it at any level with high accuracy 
(±5 mV). 

Theoretically, the management of RedOx-potential of 
the salt fuel composition and simultaneously as a coolant 
should be provided loop wide and online in MSR. However 
the control of this parameter can be organized in the most 
hazardous point of the loop - in the hot side where the 
greatest corrosion of structural materials and the strongest 
change of molten-salt RedOx-potential are expected due to 
the intensive mixing of the coolant in the loop. 

It is possible to find also a range of allowable values of 
the RedOx-potential in the salt coolant and carry out 
experiments on verification of this model. Then, the choice 
of a required control point in the loop will be dictated by 
adequacy of obtained results to a real state of circulating 
system as a whole. At the same time, a source of direct and 
return titration of basic metal in the molten salt can be 
installed in other point of the loop. It is important to provide 
the control the RedOx-potential so as to hold the given 
quality of the coolant, to minimize the rate of corrosion of 
structural materials in the entire loop and to guarantee an 
effective extraction of impurities from the MSR fuel 
composition. Thus, the issue for effective extraction of 
actinides and lanthanides separately without the addition of 
basic metal becomes dominant. 

V. CONCLUSIONS 

The maintenance with high accuracy on the given level 
of the RedOx-potential of MSR fuel composition at 
continuous and precise monitoring this parameter in the first 
loop is the key factor of a molten-salt technology. For this, it 
is necessary to develop the electrochemical gauge of 
thermodynamic activity of sodium (lithium) in the molten 
salt upon the base of solid electrolyte, Na + (Li + )-P"-Al 2 03 . 
In this case, it is possible to provide precise measurements 
of RedOx-potential of molten salts in excluding the direct 
contact of aggressive molten salt and solid electrolyte by 
thin layer of neutral liquid metal, for example, lead. 

The necessity of such development is caused by poor 
identification of transition M (n+1)+ <-»M n+ in all the known 
voltammograms that reflect common fault for current 
measuring technique: the strong polarization of electrodes. 
It can become so large that the basic-metal components of 
molten salt can be removed alongside with the disproportion 
of impurities. 

For effective using molten salts as MSR fuel 
compositions and coolants as well as a pyrochemical 
medium for reprocessing of a spent fuel, the precise control 
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and fine varying the RedOx-potential liquid salt is required 
because a small over voltage (~10 mV) is allowable for 
cathode reducing dissolved at effective dividing of elements 
in molten salts. It is possible only if one can divide 
methodologically incompatible problems of the metal 
reduction and varying the RedOx-potential of molten salt: 
the electrochemical reduction is to be carried out at the 
minimal over voltage, and the preparation of salt solution 
for the given level of reduction potential is to be carried out 
by fine titration of basic metal, for example, sodium or 
lithium. 
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